The dynamic response of an interfacial crack between two dissimilar magnetoelectroelastic layers is investigated under magnetic, electrical and mechanical impact loadings. Four kinds of ideal crack-face assumptions, i.e., magnetoelectrically impermeable (Case 1), magnetically impermeable and electrically permeable (Case 2), magnetically permeable and electrically impermeable (Case 3) and magnetoelectrically permeable (Case 4), are adopted separately. The dynamic field intensity factors and energy release rates are derived. The effects of loading combinations and crack configurations especially for the former on the dynamic response are examined according to energy release rate criterion. The numerical results show that, among others, a negative magnetic (or electrical) loading is generally prone to inhibit the crack extension rather than a positive one for a magnetically (or electrically) impermeable interfacial crack. Results presented in this paper should have potential applications to the design of multilayered magnetoelectroelastic structures.
Introduction
The newly emerging materials named magnetoelectroelasticity, which exhibit piezoelectric, piezomagnetic, and electromagnetic properties, have found increasing wide engineering applications, particularly in the aerospace and automotive industries. Recently, more and more attention has been paid on the magnetoelectroelastic mechanics. Micromechanics modeling to predict and estimate the magnetoelectroelastic properties of piezoelectric-magnetic composites were presented (Harshe et al., 1993; Huang and Kuo, 1997; Huang et al., 1998; Li and Dunn, 1998; Li, 2002; Chen et al., 2002) . The mechanical, electric, magnetic and their coupling effects in magnetoelectroelastic solids were analyzed in the literature (Alshits et al., 1995; Chung and Ting, 1995; Shen, 1996, 2003; Pan, 2002) .
In recent years, research on fracture mechanics of magnetoelectroelastic materials has also drawn increased interest. Most of the achievements are made on static (Zhou et al., 2004; Gao et al., 2004; Chue and Liu, 2005; Li and Kardomateas, 2006; Wang et al., 2006) and dynamic (Hu and Li, 2005; Feng et al., 2005; Li, 2005; Yong and Zhou, 2007; Feng and Pan, 2008) anti-plane crack problem. More recently, the reports on penny-shaped crack problems for the magnetoelectroelastic medium can be found in Zhao et al. (2006) , Feng et al. (2007) and Wang et al. (2008) .
For the two-dimension in-plane crack problem, Song and Sih (2003) and Sih et al. (2003) investigated the influence of magnetic field and electric field on crack growth in particular for crack initiation angle under various boundary conditions for mode-I, mode-II, and mixed mode cracks. Tian and Gabbert (2004) and Tian and Rajapakse (2005) studied the interaction problem of multiple arbitrarily oriented and distributed cracks in magnetoelectroelastic materials. Wang and Mai (2007) discussed four kinds of ideal electromagnetic crack-face conditions of magnetoelectroelastic materials, which possess coupled piezoelectric, piezomagnetic, and magnetoelectric effects. Zhong and Li (2007) obtained the T-stress for a Griffith crack in an infinite magnetoelectroelastic medium based on magnetic and electric boundary conditions nonlinearly dependent on the crack opening displacement. Zhou et al. (2007a,b) investigated the static fracture behaviors of a single crack or two cracks in piezoelectric/piezomagnetic materials by Schmidt method. All the above-mentioned work is related to the cracks in a homogenous mangetoelectroelastic medium. Due to the oscillating singularity of crack tips, however, the study of interfacial cracks between dissimilar magnetoelectroelastic materials is very limited. Gao et al. (2003) derived the exact solution for a permeable interfacial crack between two dissimilar magnetoelectroelastic solids under general applied loads. Li and Kardomateas (2007) ities, respectively.
In the absence of body forces, free charges and electric charge density, the governing equations for the elastic displacements u and w, electric potential /, and magnetic potential w can be written as follows: For the present crack problem, four kinds of ideal magnetoelectric boundary conditions (Wang and Mai, 2007) are assumed by extending the conception of the electrically impermeable and permeable cracks embedded in a piezoelectric material (Zhang et al., 2002) . They are, respectively, magnetoelectrically impermeable (Case 1), magnetically impermeable and electrically permeable (Case 2), magnetically permeable and electrically impermeable (Case 3), and magnetoelectrically permeable (Case 4). Thus, the crack-face conditions can be described as 
Substituting Eqs. (9) into Eqs.
(1) and using Eqs. (7) and (8) Substituting Vðs; pÞ for V(v, p) and using Eqs. (10) yields from Eq.
1 2p 
It is clear that the singularities of the integral equations are attributable to the asymptotic value of matrix P as jsj ? 1. Upon separating the singular part, we get
where A = A 1 and B = B 1 are two known constant matrixes with respect to the material constants in Eqs.
(1) (Appendix B), and Q(v, x, p) is a known function matrix (Appendix B).
Introducing two non-dimensional variables g and n v ¼ ag;
Eq. (20) becomes 
To solve the Cauchy singular integral equation (22) of the second type, an approximate method described in Shen and Kuang (1998) 
Q ðg; n; pÞwðg; pÞ dg ¼ Lðn; pÞ; ð24Þ where wðg; pÞ ¼ R À1 e Fðg; pÞ; Q ðg; n; pÞ
where K and R are the eigenvalue matrix and eigenvector matrix of the determinant (B À1 A), repectively. They satisfy the following equality:
The solutions of Eq. (24) 
with c j being the elements of the eigenvalue matrix K. ðrÞ at infinity, we obtain the following algebraic equations:
where m = 0,1,. . ., N À 1, and 
Field intensity factors and energy release rate
After the constants A s ; B s ; C s and D s ðs ¼ 1; 2; . . . ; NÞ have been determined from Eqs. (32), define the equivalent dynamic stress intensity factors (DSIFs) including mode-I and mode-II, electric displacement intensity factor (DEDIF) and magnetic induction intensity factor (DMIIF) of the right crack tip as 
Then comparing the right-hand sides of Eqs. (22) and (24), one can obtain the relation between the actual dynamic field intensity factors (DFIFs) and the equivalent DFIFs as
Finally, the DFIFs of the right crack tip in the Laplace domain can be deduced as 
and can be expressed as
For magnetoelectrically impermeable cracks, the energy release rates (DERRs) are very important to evaluate the behaviors of crack tips. In accordance with the definition of the energy release rates proposed by Pak (1990) , the DERRs can finally be derived as
where
It should be noted that Eq. (39) has the same form as the DERR given by Gu et al. (2002) for the interfacial crack problems of piezoelectric bimaterials. Moreover, as medium 1 and medium 2 are the same materials, a i À 1 2 ði ¼ 1; 2; 3; 4Þ,
, and N I (the 4 Â 4 identity matrix), thus, the DERR can be expressed as
which is, in fact, the same as those given before (Zhou et al., 2007a; Li and Kardomateas, 2007) .
Effects of magnetoelectric boundary conditions on the DFIFs and DERRs
The magnetoelectrically impermeable interfacial crack (Case 1) has been considered in Section 3. Similarly, the singular integral equations and corresponding single-valued conditions for the other cases of interfacial cracks can be derived as Case 2:
A 2 e F 1 ðn; pÞ e F 2 ðn; pÞ e F 4 ðn; pÞ 8 > > < > > :
e F 1 ðg; pÞ e F 2 ðg; pÞ e F 4 ðg; pÞ 8 > > < > > :
;1Þ ðg; n; pÞ e Q ð1;2Þ ðg; n; pÞ e Q ð1;4Þ ðg; n; pÞ e Q ð2;1Þ ðg; n; pÞ e Q 2;2 ð Þ ðg; n; pÞ e Q ð2;4Þ ðg; n; pÞ e Q ð4;1Þ ðg; n; pÞ e Q ð4;2Þ ðg; n; pÞ e Q 4;4 ð Þ ðg; n; pÞ 
Case 3:
A 3 e F 1 ðn;pÞ e F 2 ðn;pÞ e F 3 ðn;pÞ
e F 1 ðg;pÞ e F 2 ðg;pÞ e F 3 ðg;pÞ 8 > > < > > :
ðg;n;pÞ e Q ð1;2Þ ðg;n;pÞ e Q 1;3 ð Þ ðg;n;pÞ e Q 2;1 ð Þ ðg;n;pÞ e Q 2;2 ð Þ ðg;n;pÞ e Q 2;3 ð Þ ðg;n;pÞ e Q 3;1 ð Þ ðg;n;pÞ e Q 3;2 ð Þ ðg;n;pÞ e Q 3;3 ð Þ ðg;n;pÞ 
The quantities e Q ði;jÞ ðg; n; pÞ with superscript (i, j) (i, j = 1,2, . . ., 4) in Eqs. (42), (45) and (48) represent the elements of the i th row and j th column in the corresponding matrix (23b).
By using the method discussed in Section 3, these equations corresponding to different crack-face conditions can further be solved by transforming them into corresponding algebraic equations. And these algebraic equations (omitted here for simplicity) are related to the Jacobi polynomials as well. Thus, the DERRs and DFIFs can finally be derived as
where U * and N * have the same expressions as Eqs. (40a) and (40b) except for the different ranges of both i and j. Moreover, Case 2: 
where R * and diagĉ 1ĉ2ĉ3 ½ are eigenvector matrix and eigenvalue matrix of the determinant ðB À1 2 A 2 Þ. Similar to Eq. (28),â i andb i ði ¼ 1; 2; 3Þ are known material properties related toĉ i .
Case 3: 
where R * and diagĉ 1ĉ2ĉ3 ½ are eigenvector matrix and eigenvalue matrix of the determinant ðB À1 3 A 3 Þ. Also,â i andb i ði ¼ 1; 2; 3Þ are known material property constants related toĉ i of this case.
Case 4: The analysis above implies that for the magnetically (or electrically) permeable interfacial cracks, the applied magnetic (or electrical) loadings have no influence on the fracture behaviors of the crack tips.
Numerical examples and discussions
In this section, some typical numerical calculations are carried out. In all our numerical procedure, for simplicity, s 0 is always set to be zero, which implies that only the mode-I interfacial crack problems are investigated in present work. In addition, in our numerical examples, without loss of generality, r 0 is always taken as 4.2 Â 10 6 N/m 2 .
For comparison with the known results, as a special example, the dynamic central crack problem of piezoelectric materials has firstly been considered. Numerical results are plotted in Fig. 2 , where both material 1 and material 2 are taken as PZT-5H with the material properties given in Wang and Yu (2001) and/or Gu et al. (2002) . We also set h 1 /a = h 2 /a and assume that the crack is electrically impermeable and that crack surfaces are subjected to only mechanical impact loading r 0 H(t). Comparing the normalized DERRs ( Fig. 2(a) ) and DSIFs (Fig. 2(b) ) with those given by Wang and Yu (2001) , it is easily seen that the present results are almost the same as the corresponding ones (Wang and Yu, 2001 ). It should be pointed out that G 0 in Fig. 2 has the same meaning as the one presented in Wang and Yu (2001) , i.e., G 0 represents the static energy release rate for an infinite piezoelectric plane containing a electrically impermeable crack of length 2a under purely mechan- Fig. 2 is the shear wave speed of the piezoelectric ceramics. It should also be pointed out that this is just one of the numerical examples for the reduced simple case of the present study that we used to verify our formulations.
As an application, the effects of magnetic and/or electrical impact loadings on the fracture behaviors of an interfacial crack with magnetically and/or electrically impermeable and/or permeable crack-face conditions for the CoFe 2 O 4 -BaTiO 3 composites are then examined in this section. Material properties of the magnetoelectroelastic materials as volume percentage (or volume fraction v f ) of BaTiO 3 -CoFe 2 O 4 are listed in Table 1 (Annigeri et al., 2007) . In what follows, material 1 and material 2 correspond to CoFe 2 O 4 -Ba- 
11 are the introduced loading combination parameters, which are used to reflect the corresponding loading combinations between magnetic and mechanical loadings, and between electrical and mechanical loadings, respectively. Above all, it is worth remarking that the DERRs obtained from the numerical procedures are all real. This phenomenon has also been verified for interfacial cracks between two dissimilar magnetoelectroelastic half-planes by Li and Kardomateas (2007) , where the extended Stroh's theory and analytic continuition principle of complex analysis have been used. Case 1 Figs. 3-6, where insignificant influences on the DEDIFs as well. It should be pointed out that the calculated stress intensity factors of mode-II (omitted here), as expected, are negligible in this case. As pointed out before, for crack problems of magnetoelectroelastic materials, energy release rate is very important to predict the fracture behaviors of the materials and/or structures with cracks. Thus, only the DERRs are graphed later . As shown in Fig. 7 , according to maximum energy release rate criterion, for magnetically impermeable interfacial cracks of the present material combination, whether the cracks are electrically impermeable (Case 1, Fig. 7(a) ) or electrically permeable (Case 2, Fig. 7(b) ), magnetic loadings always impede the crack propagation and/or growth, and negative magnetic loadings effectively inhibit crack propagation compared with positive magnetic loadings. And the similar phenomenon has also been found for applied electrical loadings (Fig. 8), i.e., for electrically impermeable interfacial cracks, whether the cracks are magnetically impermeable (Case 1, Fig. 8(a) ) or magnetically permeable (Case 3, Fig. 8(b) ), electrical loadings also impede the crack initiation and/or propagation, and negative electrical loadings effectively inhibit crack propagation compared with positive electrical loadings as well. In addition, Fig. 9 indicates that as purely mechanical loadings are applied on the surfaces of the interfacial cracks, electromagnetic boundary conditions of the crack-faces have no distinct effects on the fracture behaviors of the crack tips.
Finally, the effects of crack configurations on the DERRs of an interfacial crack are briefly evaluated. Fig. 10 shows that for a fixed crack length, as expected, the smaller the layer height is, the larger is the peak value of the DERRs. This implies for a central interfacial crack, increasing the heights of the layers can also impede the crack propagation and growth.
Conclusions
In this paper, the dynamic fracture behaviors of an interfacial crack between two bonded magnetoelectroelastic layers under magnetoelectromechanical impact loadings are investigated.
Four kinds of electromagnetic crack-face conditions are adopted. Laplace transform and Fourier transform method and dislocation density functions are used to reduce the mixed boundary value problem to a standard singular Cauchy integral equation of the second type, which is further solved numerically. The FIFs and DERRs are obtained. The effects of both the applied impact loadings and crack configurations on the DERRs are shown graphically. The main results are as follows:
Although the FIFs exhibit oscillation singularity for mode-I interfacial crack problem considered here, the ERR at least for the present material combination is a real, i.e., this kind of oscillation singularity does not appear in the DERRs. The magnetic (or electrical) impact loadings have no influence on the fracture behaviors for magnetically (or electrically) permeable interfacial cracks according to maximum energy release rate criterion. The magnetic (or electrical) impact loadings always impede the crack propagation and growth for magnetically (or electrically) impermeable interfacial cracks, and a negative magnetic (or electrical) impact loading will inhibit the crack growth readily than a positive one. For a given crack configuration, electromagnetic crack-face conditions have no distinct effects on the DERRs while only the mechanical impact loadings are applied on the crack surfaces. For a fixed length of the crack, increasing the heights of magnetoelectroelastic layers can also impede the crack propagation and growth. where d mn (s, p, k) (m = 1, 2, 3, n = 1, 2, 3, 4) are the elements of matrix D(s, p, k).
Appendix B
The elements of H in Eq. (12) are, respectively 
